Flip chip bumping by stencil printing method using a new composition of solder paste, Sn-1.8%Bi-0.8%Cu-0.6%In, all in mass%, was investigated. Sn-3.5%Ag, Sn-37%Pb and Sn-36%Pb-2%Ag were selected as references for the experiment. The solder pastes were printed on the under bump metallization (UBM) of a Si-wafer using a stencil, where diameter and thickness of the stencil opening were 400 and 150 mm, respectively. The UBM deposit comprised 0.4 mm each of Al, Ni and Cu, and 20 nm of Au from bottom to top of the metallization, sequentially. The printed paste bumps were reflow soldered in air, and the peak soldering temperature of Sn-1.7Bi-0.8Cu-0.6In and Sn-3.5Ag was 523 K and of Sn-37Pb and Sn-36Pb-2Ag was 503 K. From the experimental results the solder bumps of Sn-1.8Bi-0.8Cu-0.6In alloys were well-formed with a mean height of 260 mm. The shear strength of Sn-1.8Bi-0.8Cu-0.6In at 523 K (as-reflowed) showed the highest value of 6.5N followed by those of Sn-3.5Ag, Sn-37Pb and Sn-36Pb-2Ag solders. After 1000 h aging, while the shear strength of the Sn-1.8Bi-0.8Cu-0.6In showed 27% decrease compared to as-reflowed conditions, it was still 15-30% higher than those of Sn-37Pb, Sn-36Pb-2Ag and Sn-3.5Ag solders. Intermetallic compounds (IMCs) formed on the interface between solder and UBM were (Cu,Ni) 6 Sn 5 . As aging time went on up to 1000 h, the content of Ni in the IMC changed from 6.6% at initial stage (as-reflowed) to 13.5% at final stage (1000 h aging).
Introduction
Flip chip packaging technology 1, 2) which was developed at IBM in 1960s was aimed at reducing package size and increasing the electric characteristics of microelectronic devices. Fabrication of metal bumps on the chip is important for the flip chip because it affects the number of I/O counts in a fine pitched device and the reliability of the device. Several methods of bumping technology have been introduced such as vapor deposition, solder ball, electro-deposition and stencil printing. Among them, vapor-deposition method was employed at IBM in 1960. But this technology had several disadvantages. It was hard to bump on a big sized wafer, too expensive, and difficult to apply because it needed to be deposited in vacuum.
3) Due to those disadvantages, the stencil printing and electroplating methods have been mainly used in wafer level packaging up to the present. As the stencil printing method has the benefit of reducing the price of the big pitched-devices, it has been the subject of many researches. 4) Other advantages of employing a stencil printing method for wafer level packaging are its compatibility with the conventional reflow machine and new solder materials, the composition of which can vary in a wide range.
Recently, the demands for replacing the Sn-37 mass%Pb (hereafter mass% will be omitted) with Pb-free solders has sharply increased in Europe, Japan and the United States due to the toxicity of Lead (Pb) to environment and human body. 5, 6) Although many Pb-free solders have been proposed, there are no obvious replacements for the Sn-37Pb which is most common in electronics. Many Pb-free solders such as Sn-Ag-Cu, Sn-Ag, and Sn-Ag-Bi have been in use for years. Among them, the Sn-(3.0-4.0)Ag-(0.5-0.75)Cu solders and Sn-0.7Cu solder have been considered as the most popular candidates for reflow soldering and for wave soldering, respectively. However, none of those Pb-free solders can perfectly replace the Sn-37Pb in all applications. Furthermore, taking costs of raw material into consideration, most of the Pb-free solders are three times more expensive than Pb solder. Therefore a new solder which is relatively cheap and overcomes the shortcommings of those solders needs to be developed.
It has been known that adding a small amount of Bi into the solder improves the wettability while decreasing the solidus temperature. 7) Shohji et al. 8) also reported that the tensile strength of Sn-3Ag-2Bi solder was higher than that of other lead-free solders, Sn-3.5Ag and Sn-3.5Ag-0.75Cu, and was higher by approximately 1.4 times than that of Sn-37Pb, over the temperature range from 233 to 393 K. Many studies have been conducted to optimize the amount of Bi, which affectes the solder joint reliability. The recent result by Hwang and Suganuma 9) showed that solders including Bi up to 3% were not detrimental to the solder joint. Another effort, adding In into the solder, was made to reduce the brittleness of Bi.
In this work, Sn-1.8Bi-0.8Cu-0.6In solder, which is based on relatively inexpensive Sn-Cu solder, was developed to bypass some disadvantages of the Sn-(3.0-4.0)Ag-(0.5-0.7) Cu solders and Sn-0.7Cu solder. These new solders might have many benefits for electronic applications. However, not enough reliable data has been reported compared to the conventional solders. 10) The purposes of this study are to evaluate the bump formation and reliability of this new solder paste composed of Sn-1.8Bi-0.8Cu-0.6In. The powder particle size, printing accuracy, and bump formed after soldering at 523 K were observed by scanning electron microscopy (SEM). Experimental shear strengths and the microstructures of the Sn-1.8Bi-0.8Cu-0.6In solder were compared to those of Sn37Pb, Sn-36Pb-2Ag, and Sn-3.5Ag solders after various aging times to investigate the solder joint reliability.
Experimental Procedure
A Si-wafer with UBM layers was prepared as a substrate for the experimentation. The UBM deposit comprised 0.4 mm each of Al, Ni and Cu, and 20 nm of Au from bottom to top of the metallization, sequentially (Fig. 1) . Al, Ni and Cu layers were deposited by thermal evaporation, and then Au was deposited as a wetting layer by E-gun evaporation. Finally, a Ti layer with thickness of 50 nm for use as a solder dam against spreading of the molten solder was deposited over the Au-layer by E-gun evaporation.
Sn-1.8Bi-0.8Cu-0.6In solder was stencil printed on the UBM by a semi-automatic paste printer. The diameter and thickness of the stencil opening were 400 and 150 mm, respectively. After stencil printing, reflow soldering in air was employed. The preheating temperature was 423 K. The peak soldering temperature of Sn-1.7Bi-0.8Cu-0.6In and Sn-3.5Ag was 523 K, and that of Sn-37Pb and Sn-36Pb-2Ag was set to 503 K. The reflow soldering profile is as shown in Fig. 2 .
Bump shapes after reflow soldering were observed. To investigate the reliability of the bumping procedure, the microstructure and the shear strength of the solder bumps were evaluated after various aging times. The soldered bumps were aged by isothermal treatment at 423 K for 0, 300, 500, and 1000 h. The shear strength of the solder bumps was measured by a PTR-1000 shear test machine. A total of 20 bumps under the same conditions were sheared, the measured strength values were averaged, and the result is given as shear strength in this work. The moving rate of the shearing tip was 200 mm/s, and the clearance between the shearing tip and the Si-substrate was 10 mm.
To observe the IMC along the bonded interface, the samples polished up to 0.04 mm were etched and the bulk solder was removed. A scanning electron microscope connected to an energy dispersive spectrometor (EDS) was employed to examine the IMC layers on the solder/UBM interface of cross-sectioned samples and the fracture surfaces after shear test.
Results and Discussion

3.1
The bump formation of Sn-1.8Bi-0.8Cu-0.6In paste solder Prior to evaluating the mechanical characteristics of SnBi-Cu-In solder, the shape of paste powder and bumps formed after soldering at 523 K was observed by SEM. Figures 3(a) and (b) show parts of the specimen printed with Si-1.8Bi-0.8Cu-0.6In solder paste. It was heated at 373 K for 1 h to allow evaporation of the flux and to be suitable for SEM observation. The paste solder was relatively uniformly stencil-printed on the UBM and exhibited good rolling behavior, filling efficiency, and printing results. The powder particle size ranged from 19 to 36 mm, and the height of stencil printed powder was 144 mm.
The bump shapes of Sn-1.7Bi-0.8Cu-0.6In paste solder after one reflow cycle at 523 K are shown in Fig. 4(a) . Cratershaped holes were observed at the top and side of the bump. Generally, the solder pastes include flux or solvent ranging from 35 to 60 vol%, and gas is formed by flux evaporation during heating the paste solder.
11) This gas went out of the paste solder by buoyancy in the process of heating and melting.
12) Chan et al. 13) suggested that the buoyancy force might be greater than the adhesion between pore and inclusions in solder if both the pore radius and the amount of gas increase. Then the gas pore may float up and escape from the solder, and it may be one of the reasons for producing the crater as a trace. As measured from Fig. 4(a) , the average size and height of the bumps without craters are 347 and 260 mm, respectively. A second reflow cycle was employed on the air-reflow machine at 523 K. The shapes of the bumps are shown in Fig. 4(b) . Apparently, there occurred no flux evaporation during the second cycle. The bumps were reshaped and the craters disappeared, leaving uniform bumps.
3.2 Shear strength of Sn-1.8Bi-0.8Cu-0.6In solder joints on the Au/Cu/Ni/Al UBM Figure 5 shows the shear strength changes of Sn-1.8Bi-0.8Cu-0.6In, Sn-3.5Ag, Sn-37Pb, and Sn-36Pb-2Ag solder bumps with aging time up to 1000 h at 423 K. The shear strengths tend to decrease as the aging time increases regardless of the solders. In as reflowed condition, the Sn-1.8Bi-0.8Cu-0.6In solder had the highest value of shear strength, 6.5N, followed by those of the Sn-3.5Ag, Sn-37Pb and Sn-36Pb-2Ag solders which were 6, 30, and 23% smaller, respectively. Even after aging up to 1000 h, the shear strength of the Sn-1.8Bi-0.8Cu-0.6In solder was still 4.8N, higher than those of Sn-3.5Ag, Sn-37Pb and Sn-36Pb-2Ag which were 4.51N, 4.13N and 3.61N, respectively. The shear strengths after 1000 h aging decreased about 26, 26, 2, and 37%, for the Sn-1.8Bi-0.8Cu-0.6In, Sn-3.5Ag, Sn-37Pb, and Sn-36Pb-2Ag solders, respectively, compared to those as reflowed.
Huang et al. reported in his study that Bi and Ag 3 Sn phase in the solder cause the higher strength of the Sn-Bi-Ag-Cu solder joint during thermal cycles. 14) Ultimate tensile strength with 1Bi containing solder showed 2 times higher than Sn-Pb eutectic solder at 25 C due to the Bi precipitation again with a fine morphology in cooling after aging. 15) Furthermore, The coarsening of Bi phase, which is responsible for the decrease in strength of the joints is reduced by adding Cu in the solder. 16 ) Thus, It is obvious that the Sn-1.8Bi-0.8Cu-0.6In solder is superior to Sn-37Pb, and Sn36Pb-2Ag solders in high temperature aging and could be reliable as Sn-3.5Ag solder.
A few small voids were observed on the fracture surface as shown in Figs. 6(a) and (b) . These cavities formed in the solder joints by out-gassing flux that is entrapped in the solder during reflow. The voids could be one of the critical factors governing the reliability of the solder joints. Voids may degrade the mechanical robustness of the chip level interconnection and consequently affect the reliability and the conducting performance of the solder joint. Numerous studies have been conducted about the effect of voids. Among them, Yunus et al. 17) showed that there is no significant difference in reliability between the solder joints with no voids and those with small voids (1-15% of the cross sectional area of the solder joint). Void diameters observed in this study ranged from 5 to 20 mm and were below 15% of the cross sectional area of the solder joint. It is thought that voids in this study did not affect the reliability of the solder joint.
The fracture surfaces as shown in Figs. 6(a)-(f) were examined to investigate why the shear strength decreased as the aging time increased. Figures 6(b) , (d), and (f) are enlarged pictures of the segments of Figs. 6(a), (c), and (e) outlined by squares, respectively. As seen on the micrographs in Figs. 6(a) and (b) and schematically in Fig. 7(a) both showing the as-reflowed condition, the fracture mostly Flip Chip Bump Formation of Sn-1.8Bi-0.8Cu-0.6In Solder by Stencil Printingoccurred in the solder bump as confirmed by the EDS result demonstrating only solder components. This result indicates that the joint between the solder and the UBM was sound.
After 500 h aging of the Sn-1.8Bi-0.8Cu-0.6In bumps, 44.0% of Cu, and 9.8% of Ni were detected at the location ''A'' of the fracture surface shown in Fig. 6(d) , indicating that the fracture took place between the solder and the IMC. At the location of ''B'' in Fig. 6(d) , 25 .8% of Al was detected, indicating that the fracture occurred between the Al-UBM and the IMC. Thus, it is concluded that the fracture at the interface periphery occurred mostly between the IMC and the Al, and in the center mostly between solder and IMC as shown schematically in Fig. 7(b) .
The fracture mode after 1,000 h aging of the Sn-1.8Bi-0.8Cu-0.6In bumps as shown in Figs. 6(e) and (f) was similar to that at 500 h aged bumps. From Figs. 6(a)-(f) it is found that the amount of exposed Al increased with aging time. This is because the Cu and Ni of the UBM diffuse into the solder as the aging time increases, and react with Sn. 18, 19) Since the Cu and Ni layers used in this study are as thin as 0.4 mm they were exhausted during aging by forming the IMC. It is thought that the characteristic of the IMC not to react with the Al-layer is the cause of the fracture between the Al-layer and the IMC. Thus, it is believed that the change of the fracture surface material from Ni and Cu to Al is the main factor to decrease the bond strength. Similarly, the complete exhaustion of a thin UBM with 0.3 mm of Cu and 0.4 mm of Ni, was observed earlier, 20) and resulted in bond strength decrease. In plasma soldering 21) the bond strength was improved by increasing UBM thickness, and hence in this study also thicker UBM is expected to reduce the strength decrease.
The schematics in Figs completely is being consumed as aging time proceeds. The consumption starts first at the edge of the pads. A possible explanation is that during reflow the outer solder reaches melting temperature earlier than the inner solder so that IMC formation and UBM consumption starts earlier at the interface periphery.
3.3 Interfacial microstructure of Sn-1.8Bi-0.8Cu-0.6In solder on the Au/Cu/Ni/Al UBM To characterize how the IMC formed between Sn-1.8Bi-0.8Cu-0.6 solder and Au/Cu/Ni/Al UBM, samples were produced with 0, 500, and 1000 h aging time. To observe the IMC, the samples were cross-sectioned, polished up to 0.04 mm and etched for 80 s in a solution of 5% HCl and 95% C 2 H 5 OH. The SEM picture of the as-reflowed sample is shown in Fig. 8(a) . Some Cu-Sn IMCs were observed into the solder. Cu-Ni-Sn IMCs along the interface were observed. EDS results are given in Table 1 and showed that the IMCs were composed of 48.6%Sn, 44.3%Cu, 6.7%Ni and 0.4%In. This composition is close to (Cu,Ni) 6 Sn 5 based on the Cu 6 Sn 5 structure. With increasing aging time, dendritic (Cu,Ni) 6 Sn 5 changes into a round shape and its amount decreases as seen in Figs. 8(a), (b) , and (c) for samples aged 0, 500, and 1000 h, respectively.
The microstructure changes of the solder joints between Sn-1.8Bi-0.8Cu-0.6In solder and the UBM with increasing aging time are discussed in the following using Figs. 8(a) Flip Chip Bump Formation of Sn-1.8Bi-0.8Cu-0.6In Solder by Stencil Printing(c). It was observed that the IMCs changed in shape from ''fan-type'' to ''circle-type'' before ''spalling'' occurred. In other words, the IMCs were flattened as aging time increased. Berry and Ames 22) have reported that the IMCs spalled into the solder when Cu was consumed. Liu et al. 23) reported similar results and suggested that the IMC changed to circletype in shape when spalling began. The spalling in this study started before 500 h aging. Due to spalling the IMC thickness decreased about 58% from 2.9 mm at 500 h aging to 1.2 mm after 1,000 h aging. Spalling of Cu 6 Sn 5 occurs for thin-film Cu-UBM but does not occur in bulk Cu. 24) Liu et al. 25) reported that the shape change of the Cu-Sn compounds into spheres implies a high-energy interface. This shape change can results in nonwetting contact angle 26) to the Al surface. Therefore their interfacial bonding is weak. Thus, the spalling could cause a decrease in the strength of solder joints.
Dendritic Cu 6 Sn 5 was reported to be formed during solidification due to the reaction of dissolved Cu with Sn. 27) It is also known that in the Sn-3.5Ag/Cu bonding joint, Cu 6 Sn 5 can form in the bulk solder by high Cu dissolution into the molten solder and by Cu 6 Sn 5 broken from the bonded interface. 28) As seen in Fig. 8 (a), Cu 6 Sn 5 and (Cu,Ni) 6 Sn 5 in the solder and at the interface between solder and UBM. Cu 6 Sn 5 in the solder appears to be formed by the reaction between Cu and Sn in the solder during melting and solidification. On the other hand, The dendritic (Cu,Ni) 6 Sn 5 at the interface seems to be produced by dissolved Cu and Ni from the UBM during the reflow process. During aging, the (Cu,Ni) 6 Sn 5 particles in the solder bulk as shown in Figs. 8(b) and (c) broke away IMC in the bonded interface as it contains.
Cu 3 Sn IMC was not detected in either as-reflowed or the 1000 h aged condition. The reason why the Cu 3 Sn IMC was not detected could be explained as follows. Generally, it is known that the activation energy to form Cu 6 Sn 5 between Cu pads and Sn based solder is smaller than that of Cu 3 Sn. 29) Cu 3 Sn IMC grows with the consumption of Cu 6 Sn 5 by the diffusion of Cu from the UBM. 30) Sharif et al. 31) reported that the dissolution of Cu during reflow at 483 K was about 0.4 um in 500 mm Sn-Pb BGA balls. Kim et al. 24) also concluded that the thickness of Cu consumed in Sn-Pb after 1 min reflow was about 0.36, 0.47 and 0.69 mm at 473, 493, and 513 K respectively. Furthermore, the reaction rate of Cu with Pbfree solder is much faster than with Sn-Pb solder because of the high content of Sn in the solder and a channel effect in the Pb-free solders. Cu thickness deposited on the UBM in this study was very thin at 0.4 mm. The reflow time above the melting temperature of 487 K in this reflow process was about 45.6 s and the peak temperature was set to 523 K. Therefore, it is thought that the 0.4 mm Cu layer was completely consumed in the first reflow process and Ni participated in the reaction. So there is no Cu remaining to take part in the reaction with Cu 6 Sn 5 to form Cu 3 Sn in the UBM. To confirm the participation of Ni, EDS analysis was employed and the result as seen in Table 1 showed that 6.7% of Ni was present in the IMCs. From this analysis, it was confirmed that Cu was completely consumed in the first reflow process and was not available to form Cu 3 Sn on the interface between the solder and UBM.
Conclusions
The bump formation of a solder paste using the new solder alloy, 1.8Bi-0.8Cu-0.6In, the morphology of the IMCs, and the shear strength of the bumps were studied. Sn-37Pb, Sn-3.5Ag and Sn-36Pb-2Ag were used as reference materials for comparison. To make a bump on the UBM, the stencil printed pastes were reflow soldered in air at 523 K for Sn-1.7Bi-0.8Cu-0.6In and Sn-3.5Ag and at 503 K for Sn-37Pb and Sn-36Pb-2Ag. The stencil-printed 1.8Bi-0.8Cu-0.6In paste formed bumps on the UBM after soldering and their average height was 260 mm. However, craters were observed at the top or side of the bump, which can originate from gas escape from the molten solder. After a second reflow, the craters disappeared and the bumps were uniformly reshaped. The bond shear strengths of the bumps was highest for the Sn-1.8Bi-0.8Cu-0.6In bumps, 6.5N, followed by the strengths of the Sn-3.5Ag, Sn-37Pb and Sn-36Pb-2Ag bumps. The strength after aging 1000 h at 423 K decreased about 26, 26, and 37% for the Sn-1.8Bi-0.8Cu-0.6In, Sn-3.5Ag, and Sn-36Pb-2Ag bumps, respectively. The aged strength of the new alloy showed the highest value. The fracture mode changed from solder-to UBM-fracture. The interfacial IMCs formed by the Sn-1.8Bi-0.8Cu-0.6In represented dendritic (Cu,Ni) 6 Sn 5 in as-reflowed state, and changed into the round shape with aging. Spalling of the interfacial IMCs into the solder started before 500 h aging, and the number of spalled particles was highest after 1000 h of aging. Consequently, the new solder alloy, Sn-1.7Bi-0.8Cu-0.6In, revealed its feasibility for the application for solder bumping in terms of bond strength, interface structure, and reliability.
